Thermal evolution models of differentiated and undifferentiated ice-silicate bodies containing longlived radiogenic heat sources are examined. Lithospheric stresses arise due to volume change of the interior and temperature change in the lithosphere. For an undifferentiated body, the surface stress peaks early in the evolution, while in the differentiated case, stresses peak later and continue to accumulate for longer periods of time. The variation of near-surface stress with depth shows that stresses for the undifferentiated body initially penetrate to great depths, but rapidly concentrate within a few kilometers of the surface. For the differentiated body, elastic stresses never accumulate at a depth grea,ter than a few kilometers. These models are applied to conside• long-term radioactive heating as a possible mechanism of tectonic activity and bright terrain formation on Ganymede.
A number of mechanisms have been proposed to account for the emplacement of bright terrain. These include expansion due to global differentiation [Squyres, 1980; Schubert et al., 1981] , convective overturn of a refrozen liquid water mantle [Kirk and Stevenson, 1983] , extrusion over regions of shallow convective upwelling [Shoemaker et al., 1982] , and hydrothermal activity at a silicate core-ice mantle boundary [McKinnon, 1981] .
If bright terrain formed by rifting in response to planetary expansion, then differentiation of the interior, which results in large amounts of expansion [Squyres, 1980] , is a possible mechanism. However, the internal structure of Ganymede is unknown, and it is not now possible to determine whether, or to what degree, ice-silicate differentiation has occurred.
Estimates show that the timescale for differentiation by Stokes settling of silicates through ice is long. For an ice
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0148-0227/84/003B-5114505.00 viscosity corresponding to the maximum interior temperature of an undifferentiated body discussed later, only the settling of silicate particles in the size range 30-100 m would contribute to differentiation on 100-1000 m.y. timescales. Unfortunately the initial size of silicates within the icy satellites is highly uncertain. Factors such as the size distribution of impacting bodies during the early stages of accretion and the effect of comminution upon impact in reducing the size of the silicate particles are not well determined. Unless many of the silicate particles were in the size range described above, solid state differentiation is not likely to have occurred within the first billion years of the satellite's history. If Ganymede did differentiate completely, it most likely did so early when its icy component would have been melted from the heat of accretion, and silicates would have rapidly settled through the interior. An intermediate model in which Ganymede's outer layers partially differentiated due to accretional heating was considered by Schubert et al. [1981] . In this case, it was proposed that silicate matedhal would rapidly settle from an outer liquid water ocean to form a layer overlying an undifferentiated central region. This dense silicate layer would be RayleighTaylor unstable. The layer would sink to the center of the body once the viscosity of the interior became sufficiently low due to internal radiogenic heating and downward conductive heating by the silicate layer. Differentiation due to a Rayleigh-Taylor instability would be faster than that for , gravitational settling in the solid state.
Important evidence regarding the mechanism of bright terrain formation is provided by the relative ages of bright units. Early results of Smith et al. [1979 a,b] show that the density of craters in bright terrain is variable, but is on average one tenth of that in dark terrain. Crater counts in bright terrain by Plescia et al. [1980] show a variation in crater density greater than a factor of 25. The youngest regions of bright terrain are essentially smooth, while the Thus while differentiation or partial differentiation appears to be a plausible mechanism for the formation of bright terrain, uncertainties in the timescales of bright terrain formation and differentiation indicate that alternate mechanisms should also be considered. One important possibility is long-term heating due to the presence of radioactive elements in the silicates. It is the purpose of the present study to examine thermal models that incorporate the effects of long-term heating for both initially differentiated and undifferentiated ice-silicate planetary bodies. The near-surface stress histories for both models will also be examined and results will show a striking difference in the distributions of surface and subsurface stresses as a function of time.
Better constraints on the absolute ages of bright units are critical in evaluating whether long-term heating is a viable mechanism for the formation of bright terrain, and if so, in distinguishing between differentiated and undifferentiated internal structures.
THEORETICAL FORMULATION

Thermal Evolution
The model for an undifferentiated Ganymede assumes that the satellite formed as a homogeneous ice-silicate mixture. The only internal heat source is that due to the long-lived radioactive elements 238U, 235U, 232Th, and 4øK. The thermal 
where g is the acceleration of gravity. The critical Rayleigh number in this case is approximately 1708. The viscosity tz is evaluated at the average interior temperature of the layer, which is simply the average of surface and core-mantle boundary temperatures. Because the ice layer is convecting, the time for the interior temperature of the layer to adjust to temperature changes at the core-mantle boundary is short compared to the time over which the core heats up. Therefore steady state heat transfer across the layer is assumed. The time for refreezing of an initially liquid water mantle was estimated by Reynolds and Cassen [1979] . For a reasonable range of ice rheology refreezing may take from 100 m.y. to 1 b.y. The net volume change due to freezing and subsequent cooling to the mean temperature of the layer is less than 0.1%. This estimate does not include volume change due to differentiation, which was calculated by Squyres [1980] 
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The right hand side of (9) contains two contributions to the strain rate. The first term arises due to volume change of the interior, and the second term results from thermal expansion or contraction within the lithosphere. If the surface temperature is constant, the temperature change at a given depth is related to the change in the geothermal gradient by AT = zA/3. The geothermal gradient is determined from the surface heat flow q by/3 = q/kin, where/cm is the thermal conductivity of the lithosphere. Note that at the surface, the only contribution to the strain rate arises due to volume change of the interior, while with increasing depth temperature changes in the lithosphere become increasingly important. For the undifferentiated body, the volume change is simply the product of the change in the temperature Ti and the thermal expansion coefficient for the ice-silicate mixture. For the differentiated body, the change in volume is the volume fraction weighted sum of the thermal volume change of the core and the ice mantle. The thermal volume change of the ice mantle is the product of the coefficient of thermal expansion for ice and the change in the average temperature of the layer and that for the core is the product of the coefficient of thermal expansion for silicate and the change in the mean of the radially-varying temperature. accumulate more slowly and peak later than in the undifferentiated case. This is illustrated in Figure 3b .
RESULTS
Volume
The elastic surface stress is a function only of the change in internal temperature of the satellite, while the viscoelastic stress depends on both the internal temperature change and the rate of temperature increase. In an undifferentiated body with/am = 10 TM P and the assumed heat generation per unit mass, the internal temperature increase is approximately 100 K and the peak viscoelastic surface stress is about 150 bars. If the mass concentration of heat-producing elements is doubled, the maximum temperature increase is 115 K and the maximum surface stress is 220 bars. Half the concentration gives a maximum temperature difference of 80 K and a peak surface stress of 85 bars. Increasing the concentration of heat-producing elements also results in more rapid heating of the interior, causing the peak stress to occur earlier in time. For the undifferentiated body described above, doubling the concentration causes the peak stress to occur 80 m.y. earlier than that shown for the same case in Figure 3a while half the concentration shifts the peak 100 m.y. later than that shown. Figure 5 shows the variation of stress as a function of depth at various times for a melting viscosity of 10 TM P. In the undifferentiated case, the interior is initially cold, but heats up rapidly. The effect is that stresses are initially small in magnitude and penetrate deep within the interior, but increase rapidly and concentrate near the surface. In the differentiated case on the other hand, temperatures in the icy layer remain almost constant throughout the satellite's evolution. As a consequence, the depth to which stresses penetrate remains more nearly constant. In this case the largest variation in lithosphere thickness would occur during the freezing of an initially liquid outer layer of the body.
Variation of Stress with Depth
Failure of the Lithosphere .
Clearly, the release of stress associated with lithospheric failure will cause the variation of stress with time to be modified from that shown in Figure 3 . To illustrate this in a simple way, the lithosphere is assumed to accumulate stress until the tensile strength of ice is reached. Based on the work of Hawkes and Mellor [ 1972] , this value is taken as 20 bars (2 MPa). Results incorporating this simple failure criterion are presented in Figure 6 for an undifferentiated body. After failure occurs, the lithosphere no longer accumulates tensional stresses, but after the peak in volume expansion, it does accumulate compressional stress. Thus is is possible to generate near-surface, late-stage compressive stresses. However, in this case, the magnitude of the stress does not exceed the failure strength of ice in compression, which is expected to be significantly larger than that in tension. Latestage compressive stresses do not occur for the differentiated body because expansion of the interior continues almost to the present, as shown in Figure 2b . Calculated interior temperatures in these models do not exceed the melting temperature of pure water ice. If a molten layer in the interior is required as a magma source for the extensive resurfacing that has occurred in areas of bright terrain formation, the presence of some constituent such as NH3 [Lewis, 1971] , which lowers the melting temperature but which does not significantly reduce the viscosity, would be required. If the outer layers of Ganymede do not contain a sufficiently high concentration of silicates, the higher density of liquid water relative to Ice I may prevent liquid water volcanism [Parmentier and Head, 1979] . Stevenson [1982 Stevenson [ , 1983 has pointed out that the presence of a more volatile constituent would make it easier for a water-rich magma to reach the surface.
DISCUSSION
SUMMARY
In this study, we have examined simple thermal evolution models, for both a differentiated and an undifferentiated icesilicate planetary body, which contain long-lived radioactive heat sources. Lithospheric stresses are produced in response to volume change of the interior and temperature change in the lithosphere. Results show important differences in the thermal evolution and lithospheric stress history of the two bodies. For an undifferentiated body, the maxim um temperature and volume change as well as the peak stress occur early in the satellite's evolution, while in a differentiated body, the maximum volume change, temperature, and lithospheric stress occur much later in time. An examination of the variation of near-surface stress with time shows that in an undifferentiated body, stresses initially penetrate deep within the interior and later concentrate within a few km of the surface. In a differentiated body, stresses produced by long-term internal heating never penetrate deeper than a few kilometers. If the widths of tectonic features such as furrows and groove pairs are related to the mechanical thickness of Ganymede's lithosphere, then constraints on the absolute ages of these features may help distinguish between differentiated and undifferentiated thermal histories.
